Enhanced fibrosis and reactive oxygen species (ROS) generation are two major features of aged heart. Since a loss-of-function mutation of ALDH2 was found in nearly half of East Asian population, we explored the impact of ALDH2 deficiency on the process of aging in the heart. We found that the body weight increased profoundly in aged wild-type (WT) mice but not in ALDH2 knockout (KO) mice. However, the ratio of heart weight to body weight increased significantly only in KO mice. Echocardiographic assessment showed that left ventricular ejection fraction of aged WT mice was significantly decreased, which was further aggravated by ALDH2 deficiency. Further study revealed that the compromised cardiac function of aged KO mice might be resulted from PI3K/Akt pathway-mediated fibrosis formation, as shown by remarkable upregulation of collagen I, transforming growth factor-β, and α-smooth muscle actin expression. Aging-induced ROS generation was quantified by the expression of 4-hydroxy-2-nonenal-adducted proteins, which was notably increased in the myocardium of aged KO mice. Besides, the expression of cleaved caspase-3 and 8-oxoguanine DNA glycosylase also increased significantly in the myocardium of aged KO mice. Further study demonstrated that increased ROS generation stimulated a prominent upregulation of ROS scavenger SOD2 expression in the myocardium of aged WT mice but not in KO mice. Our findings suggest that mitochondrial ALDH2 deficiency accelerates aging in the heart by increasing fibrosis formation and oxidative stress. 
intRoduction
Aging is an inevitable process characterized by progressive decline in cellular function. It has been established that aging promotes cardiac dysfunction and consequently heart failure. [1] [2] [3] Hallmarks of cardiac aging include oxidative stress, compromised autophagy, progressive cardiomyocyte hypertrophy, short telomere defect, inflammation, and development of cardiac fibrosis. [2, [4] [5] [6] [7] However, the precise mechanisms that regulate cardiomyocyte fate and subsequently cardiac aging have not been fully described.
Our previous study elicited that mitochondrial ALDH2 played protective roles in heart failure after myocardial infarction, [8] doxorubicin-induced cardiotoxicity, [9] and pressure overloaded-induced cardiac dysfunction. [10] In addition, it was reported that ALDH2 played a pivotal role in alleviating ischemia-induced heart injury. [11, 12] What's more, cardiac dysfunction and remodeling could be partly restored by activation of ALDH2 in heart failure. [13] Since a relatively large subset of Asian population carry a unique loss-of-function of ALDH2, the effects of ALDH2 deficiency on cardiac aging deserve to be fully explored. The present study aimed to determine the effect of ALDH2 deficiency on cardiac fibrosis formation and oxidative stress in aged mice. Our results revealed that ALDH2 deficiency accelerated cardiac fibrosis, which might be mediated through activated PI3K/Akt pathway. In addition, ALDH2 deficiency increased reactive oxygen species (ROS) generation, upregulated the pro-apoptotic activated caspase-3 expression, and increased DNA lesion in the myocardium of aged mice.
MateRials and Methods

Animal and study groups
Five-month-old (young) and 22-month-old (old) wild-type (WT) and Aldh2-/-(knockout [KO]) mice were feed in SPF-class housing of laboratory with a 12/12-light/dark cycle. Aldh2-/-mice generation has been described previously. [14] This study was approved by the Fudan University Medical Ethics Committee. All mice were weighted and given anesthesia before sacrificing, and then, the fresh heart tissue was removed and divided into two parts: one was stored in liquid nitrogen for molecular detection and the other fixed for histological analyses.
Echocardiography
Cardiac function of mice was detected by Vevo770 and Vevo2100 high-frequency ultrasound systems (VisualSonics, Toronto, ON, Canada) after anesthesia by isoflurane (3% for induction and 1.5% for maintenance).
Histological examination
The excised hearts were placed in 10% neutral-buffered formalin at room temperature for at least 24 h. After rinsing overnight with water, the tissues were embedded in paraffin and cut in 4 µm thick sections. Then Masson's trichrome staining was performed and imaged by microscope (Nikon, Eclipse, Ci) to assess fibrosis formation. The percentage of myocardial fibrosis was analyzed by Image-Pro Plus 6.0. (Media Cybernetics, Inc., Rockville, MD, USA)
Western blotting
The proteins of heart tissues were extracted by lysis buffer and fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then were transferred into polyvinylidene difluoride membrane (Millipore). After blocking with 5% bovine serum albumin, the protein-conjugated membrane was incubated with primary antibodies, including collagen I 
Statistical analysis
At least three independent experiments were performed, and one-way ANOVA with the Bonferroni correction was used for analysis of multiple groups by GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). Statistical results were showed as means ± standard error of mean. P < 0.05 or less was indicated statistically significant.
Results
Effect of ALDH2 deficiency on cardiac characterization of aged mice
The data from Figure 1a implied that WT mice developed significantly increased body weight with aging (P < 0.05), which was not evidenced in KO mice. However, the ratio of heart weight to body weight significantly increased only in aged KO mice, compared with other three groups (P < 0.05, P < 0.01, P < 0.001, respectively), implying that aging-induced augment of heart mass in KO mice [ Figure 1b ]. Echocardiographic assessments demonstrated that aging could prominently compromise left ventricular ejection fraction from 73.02% to 65.88% (P < 0.05), which was further declined to 56.71% in aged KO mice (P < 0.01) [ Figure 1c ]. Furthermore, left ventricular fractional shortening of aged KO mice was significantly decreased compared with aged WT mice (P < 0.01) [ Figure 1d ]. These observations hinted that aging contributed to cardiac dysfunction, which was further deteriorated in case of ALDH2 deletion.
ALDH2 deficiency aggravated aging-induced myocardial fibrosis
Masson's trichrome staining of heart sections was performed to analyze the status of fibrosis in both young and old mice with different genotype background. There was a trend of increased cardiac fibrosis in WT mice with aging, while aging induced significantly more cardiac fibrosis in KO mice [ Figure 2a and b]. Collagen I and collagen III are the dominant promoters for myocardial fibrosis. [15] In line with the results from histological examination, expression of collagen I was upregulated with aging in WT mice and further significantly upregulated in aged myocardium of KO mice (P < 0.05) [ Figure 2c ], while expression of collagen III remained unchanged [ Figure 2d ]. The transition of fibroblast to myofibroblast plays a vital role in cardiac fibrosis, which was proved to be regulated by TGF-β. [16] Moreover, α-SMA was shown to express prominently in myofibroblasts. [17] Therefore, TGF-β subtype 1 (TGF-β1) and α-SMA were detected in heart tissues. The results indicated a similar trend of expression of TGF-β1 and α-SMA as collagen I [ Figure 2e and 2f].
PI3K/Akt pathway was involved in the enhanced myocardial fibrosis of aged knockout mice
To determine the mechanism of aging-induced myocardial fibrosis, the PI3K/Akt pathway was detected, which has been proved to regulate cardiovascular homeostasis. [18] The results showed that p-PI3K was increased in aged WT mice, which was further increased by ALDH2 deletion [P < 0.05, Figure 3a] . As the downstream target of PI3K, the catalytic activity of Akt was also observed in our study. Moreover, the result showed a similar trend of the expression of phosphorylated Akt with PI3K [P < 0.05, Figure 3b] . We thus concluded that the accelerated myocardial fibrosis induced by ALDH2 deletion in aged myocardium might be associated with the activation ofPI3K/Akt pathway.
ALDH2 deletion accelerated aging-induced oxidative injury. As a biomarker of ROS generation, 4-HNE was proved to be catalyzed by ALDH2. Our results showed that the expression of 4-HNE adducted protein was increased in aged WT mice, which was further enhanced by ALDH2 deletion [ Figure 4a ]. Since accumulation of ROS could stimulate apoptosis and DNA lesion, the expression of OGG1 and pro-apoptotic activated caspase-3 was detected. The results elucidated that ALDH2 deficiency activated the cleaved caspase-3 in the myocardium of aged mice (P < 0.05) [ Figure 4b ]. The expression of OGG1 was increased in aged WT mice, which could be further increased by ALDH2 deletion [ Figure 4c ], implying the occurrence of DNA lesion. Since the accumulation of ROS accelerated by ALDH2 deficiency might result from both aging and the decreased expression of ROS scavenger, the expression of SOD2 was examined in our study. Results indicated that the expression of SOD2 was notably upregulated in the myocardium of aged WT mice (P < 0.05). However, in aged KO mice, the expression of SOD2 decreased significantly compared with aged WT mice [P < 0.05, Figure 4d ].
discussion
Our study recapitulated that mitochondrial ALDH2 deficiency accelerated cardiac aging via enhanced fibrosis and increased accumulation of ROS in aged mice. The former might be associated with the activation of PI3K/Akt pathway; the latter was due to the increase of 4-HNE and downregulation of ROS scavenger SOD2. Our results hint that ALDH2 plays a protective role in the progressive decline of cardiac function during the process of cardiac aging.
Development of myocardial fibrosis was reported to be one of the hallmarks of aging, which was resulted from the imbalance of synthesis and degradation of myocardial extracellular matrix (ECM). [19] Among ECM, collagen I and collagen III comprise the major part in the myocardium. [6, 20] Collagen I exhibits high tensile strength, whereas collagen III shows more distensible capacity. The increased ratio of collagen I and collagen III in linkage with aging contributes to ventricular stiffness; [21, 22] in fact, we found that the expression of several fibrosis-related proteins was increased in myocardium of aged WT mice, including collagen I, TGF-β1, and α-SMA. Furthermore, ALDH2 deficiency accelerated fibrotic progress by significantly upregulating these indices, in the end, leading to more detrimental outcomes in cardiac aging.
More recently, it was shown that suppression of PI3K preserved cardiac function in aged mice, [23] and PI3Ky-targeted deletion enhanced the contractility of heart. [24] As the downstream effector of PI3K, cardiac-specific Akt activation might accentuate aging-induced cardiac hypertrophy and myocardial contractile defects. [25] Besides, Akt2 deletion protected against cardiac aging.
[26] These studies indicate that PI3K/Akt pathway might adversely impact the aging heart, which was confirmed by our results. Although no significant upregulation of PI3K/Akt was found in aged WT mice, the robust activation of PI3K/Akt pathway was accompanied with cardiac dysfunction in aged KO mice. In addition, it was reported that activation of PI3K/Akt signaling pathway could induce myocardial fibrosis by increasing the pathogenesis of fibroblast. [27] Combined with the result of ALDH2 deficiency on myocardial fibrosis, our results suggest that the PI3K/Akt pathway was involved in the accelerated cardiac dysfunction and fibrosis of aged KO mice.
Moreover, our study elucidated that accumulation of 4-HNE in aged heart of KO mice contributed significantly to the accelerated cardiac dysfunction and fibrosis of aged KO mice. It was reported that the accumulation of ROS could induce cellular DNA damage and protein denaturation. [28, 29] 8-oxo-7, 8-dihydroguanine (8-oxoG) is the most common cellular DNA oxidative lesion, which gives rise to the transversion of G: C to T: A. [30, 31] The enhanced upregulation of OGG1 in aged WT mice indicated increased DNA lesion in the myocardium. ALDH2 deficiency, furthermore, led to more upregulated OGG1 expression in aged heart than that in aged hearts of WT mice, which orchestrated with the above-mentioned ROS formation. These DNA and protein-based molecular changes could be translated into the activation of cardiomyocyte apoptosis, consequently leading to the collapse of cardiac function. Accordingly, we demonstrated enhanced caspase-3 activation in the myocardium of aged KO mice. It is to note that the accumulated ROS in the myocardium activated the expression of SOD2 in aged WT mice, which might play a protective role in anti-aging-induced ROS formation. Compared to WT mice, however, ALDH2 deficiency inhibited the expression of SOD2, and this mechanism might also contribute to the reduced cardiac function of aged KO mice together with increased accumulation of ROS.
conclusion
Our results indicate that the detrimental changes of cardiac aging in the presence of ALDH2 deficiency are linked with accelerated cardiac aging via enhanced fibrosis and increased accumulation of ROS via activation of PI3K/Akt pathway and downregulation of ROS scavenger SOD2. Our results hint that ALDH2 plays a protective role in the progressive decline of cardiac function during the process of cardiac aging. Thus, population with loss of function of ALDH2 might face enhanced cardiac aging. Description and quantifying on aging-related pathologies from different gene background might be of importance for developing genotype-specific approaches to treat aging-related cardiac disorders.
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